Objectives Recently an objective measure of speech intelligibility, based on brain 2 responses derived from the electroencephalogram (EEG), has been developed using 3 isolated Matrix sentences as a stimulus. We investigated whether this objective measure 4 of speech intelligibility can also be used with natural speech as a stimulus, as this would 5 be beneficial for clinical applications. 6 Design We recorded the EEG in 19 normal-hearing participants while they listened to 7 two types of stimuli: Matrix sentences and a natural story. Each stimulus was presented 8 52 speech intelligibility to envelope tracking. However, for the purpose of clinical applications, the 53 use of isolated sentences may be sub-optimal. Sentences do not reflect everyday communication 54 where syllable, word and sentence rate are less controlled and more semantic top-down processing 55 is involved. Therefore, an objective measure of speech intelligibility based on fully natural speech 56 would (1) overcome the patient-related challenges linked to attention and motivation (2) and allow 57 4 intelligibility measurements of any speech fragment, which is impossible today using behavioral 58 measurements but may relate better to everyday communication.
at different levels of speech intelligibility by adding speech weighted noise. Speech 9 intelligibility was assessed in two ways for both stimuli: (1) behaviorally and (2) objectively 10 by reconstructing the speech envelope from the EEG using a linear decoder and correlating 11 it with the acoustic envelope. We also calculated temporal response functions (TRFs) 12 to investigate the temporal characteristics of the brain responses in the EEG channels 13 covering different brain areas. 14 
Results
For both stimulus types the correlation between the speech envelope and 15 the reconstructed envelope increased with increasing speech intelligibility. In addition, 16 correlations were higher for the natural story than for the Matrix sentences. Similar to the 17 linear decoder analysis, TRF amplitudes increased with increasing speech intelligibility for 18 both stimuli. Remarkable is that although speech intelligibility remained unchanged, neural 19 speech processing was affected by the addition of a small amount of noise: TRF amplitudes 20 across the entire scalp decreased between 0 to 150 ms, while amplitudes between 150 to 21 200 ms increased. TRF latency changes in function of speech intelligibility appeared to 22 be stimulus specific: The latency of the prominent negative peak in the early responses 23 (50-300 ms) increased with increasing speech intelligibility for the Matrix sentences, but 24 remained unchanged for the natural story. 25 2 Conclusions These results show (1) the feasibility of natural speech as a stimulus for the 26 objective measure of speech intelligibility, (2) that neural tracking of speech is enhanced 27 using a natural story compared to Matrix sentences and (3) that noise and the stimulus 28 type can change the temporal characteristics of the brain responses. These results might 29 reflect the integration of incoming acoustic features and top-down information, suggesting 30 that the choice of the stimulus has to be considered based on the intended purpose of the 31 measurement. 32 
INTRODUCTION
In current clinical practice speech intelligibility is measured behaviorally by asking the listeners 33 to recall the words or sentences they heard. By doing so, not only the function of the auditory 2.2 Auditory stimuli 81 During the experiment participants listened to three different stimuli: (1) isolated Matrix sentences, 82 (2) a natural story and (3) another story used to train the linear decoder on. Flemish Matrix sentences contain 5 words spoken by a female speaker and have a fixed syntactic 85 structure of 'proper name-verb-numeral-adjective-object', for example, 'Sofie sees ten blue socks' 86 with a speech rate of 4.1 syllables/second, 2.5 words/second and 0.5 sentences/second. Each 87 category of words has 10 alternatives and each sentence consists of a random combination of these 88 alternatives which induces a rigid and artificial speech rate and reduces semantic context to a bare 89 minimum. These sentences are gathered into standardized lists of 20 sentences. Speech was fixed at 90 a level of 60 dBA and the noise level varied across trials. We used speech weighted noise (SWN) 91 which has the long-term-average spectrum of the stimulus and therefore results in optimal energetic 92 masking. Matrix sentences are a validated speech material to measure speech intelligibility which 93 allows us to directly compare EEG results with speech intelligibility, similar to Vanthornhout et al.
94
(2018) and Lesenfants et al. (2019) . However, Matrix sentences have a rigid speech rate and lack 95 semantic information, resulting in an artificial speech stimulus not representative for everyday 96 communication. The natural story we used is 'De Wilde Zwanen', written by Hans Christian Andersen and 99 narrated in Flemish by Katrien Devos (female speaker) with a speech rate of approximately 100 3.5 syllables/second, 2.5 words/second and 0.2 sentences/second. Speech was fixed at a level 101 of 60 dBA and the noise level of the SWN varied across trials. The main differences between the
EEG experiment 140
Ten participants started the EEG experiment by listening to Matrix sentences followed by the 141 natural story. The remaining 9 participants did this in the reversed order. The decoder story was 142 presented in between. The natural story was cut in 7 equal parts of approximately 4 minutes long, 143 which we presented in chronological order. The first part was always presented in silence to optimize 144 comprehension of the storyline. The following 6 parts were presented at 6 different SNRs in random 145 order: -12.5; -9.5; -6.5; -3.5; -0.5 and 2.5 dB SNR. The Matrix sentences were concatenated into 7 146 lists of 40 sentences with a silent gap between the sentences randomly varying between 0.8 and 1.2 147 seconds. Each 2-minute trial, containing 40 sentences at a particular SNR, was presented twice to 148 analyze test-retest reliability. The SNRs were the same SNRs as used for the story, also in random 149 order. To maximize attention and keep the participants motivated, questions were asked about each 150 SNR trial, for example, 'What happened after sunset?' (story) or 'Which colors of boats were 151 mentioned?' (Matrix sentences). The answers were not used for further analysis. After the question, 152 the participants were asked to rate their speech intelligibility with the following question: 'Which 153 percentage of the words did you understand?' as mentioned in section 2.3. 154 8 2.5 Signal processing 155 In this study we measured neural envelope tracking and linked this to speech intelligibility 156 and stimulus type (natural story versus isolated Matrix sentences). Neural envelope tracking was 157 calculated in two ways: We correlated the acoustic speech envelope (2.5.1) with the speech envelope 158 reconstructed from the EEG respons (2.5.2) with the help of a linear decoder. Secondly, we 159 calculated temporal response functions (TRFs) to investigate the temporal characteristics of the 160 brain responses in the EEG channels covering the scalp (2.5.3). The acoustic speech envelope was extracted from the stimulus according to Biesmans et al. (2017) , 163 using a gammatone filterbank followed by a power law. We used a filterbank containing 28 channels 164 spaced by 1 equivalent rectangular bandwidth with center frequencies from 50 Hz until 5000 Hz.
165
The absolute value of each sample in each channel was raised to the power of 0.6. All 28 channel 166 envelopes were averaged which resulted in one single envelope. As a next step, the acoustic speech 167 envelope was band-pass filtered, similar to the EEG signal, in the delta (0.5-4 Hz) or theta (4-8 Hz) 168 frequency band with a Chebyshev filter with 80 dB attenuation at 10% outside the passband. Only 169 these low frequencies were further processed, because they contain the information of interest of 170 the slowly varying speech envelope. As a first step the EEG data was downsampled from 8192 Hz to 256 Hz to reduce processing 173 time and referenced to an average of the electrodes. Next, EEG artefact rejection was done using 174 a multi-channel Wiener filter (MWF) (Somers et al., 2018) . the MWF was calculated on the long 175 decoder story without noise and applied on the shorter Matrix and coherent story SNR trials. After 176 artefact rejection, the signal was bandpass filtered, similar to the acoustic speech envelope and the 177 sample rate was further decreased from 256 Hz to 128 Hz. A schematic overview is shown in Figure   178 1. Figure 1 . Overview of the experimental setup using the linear decoder analysis. We presented the Matrix sentences and a story at different Signal-to-Noise Ratio's (SNR). Participants listened to the speech while their EEG was measured. To obtain a measure of neural envelope tracking we correlated the reconstructed envelope with the acoustic envelope after band-pass filtering (BP filter).
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We compared the envelope tracking results with the behavioral speech intelligibility (SI) scores.
To enable reconstruction of the speech envelope from the neural data as a measure of neural 180 envelope tracking, a linear decoder was created using the mTRF toolbox (Lalor et al., 2006 (Lalor et al., , 2009 .
181
As speech elicits neural responses with some delay, the decoder not only attributes weights to 182 each EEG channel (spatial filter), but it also takes the shifted neural responses of each channel 183 into account (temporal filter), resulting in a matrix R containing the shifted neural responses of 184 each channel. If g is the linear decoder and R the shifted neural data, the reconstruction of the 185 speech envelopeŝ(t) was obtained byŝ(t) = n τ g(n, τ )R(t + τ, n) with t the time index, n 186 ranging over the recording electrodes and τ ranging over the integration window, i.e., the number 187 of post-stimulus samples used to reconstruct the envelope. The decoder was calculated by solving 188 g = (RR T ) −1 (Rs T ) with s the speech envelope and applying ridge regression to prevent overfitting. 189 We used an integration window of 250 ms post-stimulus resulting in the decoder matrix g of 64
190
(EEG channels) x 33 (time delays within the integration window). The decoder was created using 191 the Milan story (14 minutes) without any noise.
192
As a last step the envelope was reconstructed by applying the decoder to both test stimuli, and remove the assumption that neural processing is similar for the decoder story and the test stimuli 206 in different noise conditions, we calculated TRFs. A TRF is a linear filter that describes how the 207 acoustic speech envelope of the stimulus is transformed into neural responses. This is the inverse 208 approach of the previously mentioned envelope reconstruction where analysis is done from EEG to 209 stimulus.
210
We calculated a TRF for every electrode channel in every participant. Figure 2 . A comparison between the Matrix sentences and the story reveals that the story is more difficult to understand when adding background noise. obtain the chance level we reconstructed the envelope of the story similar to the standard analysis. signed-rank test). In addition, the 95% confidence interval of the difference between the chance 280 level of the stimuli is similar to the test-retest variability (CI(95%)=[-0.005; 0.006]), indicating that 281 there is no important effect.
Envelope reconstruction

282
We analyzed neural envelope tracking in the delta (0.5-4 Hz) and the theta (4-8 Hz) band for the 283 Matrix sentences and the natural story at various levels of speech intelligibility. Figure 3 shows that 284 when speech intelligibility increases, the correlation between the acoustic and the reconstructed 285 envelope, i.e. neural envelope tracking, increases for every filter band and every stimulus tested 286 (p<0.001, table 1, Spearman rank correlation).
287
To additionally investigate the influence of stimulus choice, we created an LME model as a 288 function of speech intelligibility. The analysis shows that neural envelope tracking is enhanced 289 for the story compared to the Matrix sentences (fixed effect stimulus, p=0.010, LME, table 2).
290
This enhancement does not significantly depend on the level of speech intelligibility or filter band 291 (interaction effect SI:stimulus, p=0.155; interaction effect SI:band:stimulus, p=0.912; LME, table   292 2). Further, neural envelope tracking in the delta band (0.5-4 Hz) is higher than in the theta band 293 (4-8 Hz) (fixed effect band, p<0.001, LME, table 2) with a steeper slope in the delta band (0.5-4 Hz)
294
(interaction effect SI:band, p<0.001, LME, table 2).
295
When conducting the same analysis using SNR as a predictor for speech intelligibility, the same 296 fixed and interaction effects were found to be significant as for the SI analysis (table 3) . This shows 297 that even at the same SNR neural envelope tracking for the natural story is enhanced compared to 298 the Matrix sentences, making it impossible to disentangle between the effects of SNR and SI with 299 the current data. decrease between 0 to 150 ms, while amplitudes between 150 to 200 ms increase in both stimuli.
318
Between 50 and 100 ms amplitudes even swap polarities.
319
When more noise is added and speech intelligibility decreases positive central and negative 320 parieto-occipital activation decreases, especially in the 150 tot 200 ms timelag ( Figure 5 ). In the 321 50 to 100 ms timelag, on the other hand, the negative central activation increases with decreasing 322 speech intelligibility and reaches a maximum at SNR=-3.5 dB SNR.
323
To zoom in on the amplitude changes over time, we visualized an average TRF for the a negative peak can be found. Figure 7 shows the latency and amplitude results of this peak on a between both stimuli in the no-noise condition with larger amplitudes for the Matrix sentences in 340 the central and parieto-occipital channels, highlighted in red in Figure 5 . In contrast to this stimuli 341 driven difference in the no-noise condition, no significant differences between both stimuli could 342 be found in the presence of background noise. Second, in addition to the prominent negative peak 343 between 100 and 200 ms, a positive significant peak arises around 300 ms for the Matrix sentences 344 at -9.5 dB SNR (Figure 6 ), while this is not the case for the story. To that end, we tested 19 normal-hearing participants. They 348 listened to both the Matrix sentences and a natural story at varying levels of speech intelligibility 349 while their EEG was recorded. We found that it is feasible to use natural speech as a stimulus for 350 the objective measure of speech intelligibility and that noise and the stimulus type can change the 351 temporal characteristics of the brain responses over the scalp. As a first step we measured speech intelligibility behaviorally for both stimuli at different noise 355 levels. The results show that the same SNR does not result in similar speech intelligibility for the 356 different stimuli. The story was found to be more difficult to understand than Matrix sentences.
357
Although we controlled for the sex of the speaker and chose stimuli with similar speech rates and 358 spectrum, the difference could still be due to different acoustic features such as for example prosody.
359
The Matrix sentences namely are part of a standardized speech material where every word is spoken 360 at the same intensity. The story, on the other hand, is narrated for children and has more variations.
361
An additional reason to explain this difference is lexical prediction. Even though the permutations 362 of the words are different in each Matrix sentence, the words themselves are all equally likely and 363 familiar to the participants, in contrast to the story. Perhaps drawing from a larger pool of words for 364 the Matrix sentences might have led to more similar intelligibility ratings between stimuli. Finally, 365 speech intelligibility for both stimuli was measured in a different way: rating (story) versus recall 366 (Matrix sentences). Similar to the rating and recall results for the Matrix sentences of Decruy et al.
367
(2018), we did not find a statistical difference between both measuring methods applied on the same 368 Matrix sentences. 369 21 4.2 Neural envelope tracking as an objective measure of speech intelligibility 370 We found that the correlation between the reconstructed and the acoustic envelope increased with Next, the tracking results in the delta band were significantly higher than in the theta band while 378 the significance levels remain the same, resulting in a steeper slope of envelope tracking as a 379 function of speech intelligibility in the delta band. This difference in correlation magnitude between 380 the frequency bands could be explained by the fact that the modulation spectrum of both stimuli has 381 most energy in the delta band (Luo and Poeppel, 2007; Aiken and Picton, 2008) .
382
When investigating the differences between both stimuli, we found that the use of natural speech 383 enhanced neural envelope tracking compared to Matrix sentences. This suggests that neural envelope 384 tracking might capture the interaction between the incoming acoustic speech stream and top-down 385 information (Hickok and Poeppel, 2007; Gross et al., 2013) such as for example semantic processing 386 (Di Liberto et al., 2018; Broderick et al., 2018) . A potential confound is that we used different SNRs 387 for the two stimulus types (to control for intelligibility). This means that the differences in envelope 388 tracking could be related simply to SNR rather than other stimulus properties. Fixed effect SI 1.08 x 10 −3 ± 1.90 x 10 −4 p<0.001
Fixed effect stimulus 1.97 x 10 −2 ± 1.49 x 10 −2 p=0.010
Fixed effect band -3.87 x 10 −2 ± 1.41 x 10 −2 p<0.001
Interaction effect SI:stimulus -1.74 x 10 −4 ± 2.39 x 10 −4 p=0.155
Interaction effect SI:band -4.43 x 10 −4 ± 2.14 x 10 −4 p<0.001
Interaction effect SI:band:stimulus -1.28 x 10 −5 ± 2.25 x 10 −4 p=0.912
Speech Intelligibility (SI), Confidence Interval (CI) Fixed effect SNR 7.75 x 10 −3 ± 1.39 x 10 −3 p<0.001
Fixed effect stimulus -1.25 x 10 −2 ± 1.06 x 10 −2 p=0.022
Fixed effect band -8.10 x 10 −2 ± 1.06 x 10 −2 p<0.001
Interaction effect SNR:stimulus -1.01 x 10 −3 ± 1.83 x 10 −3 p=0.284
Interaction effect SNR:band -3.20 x 10 −3 ± 1.83 x 10 −3 p<0.001
Interaction effect SNR:band:stimulus -1.40 x 10 −6 ± 2.13 x 10 −3 p=0.999
Speech-to-Noise Ratio (SNR), Confidence Interval (CI)
